Several investigations dealing with the penetration of ions into the ceU sap of Nitella 1 have been reported recently by Osterhout, ~ Irwin, 3 Brooks, 4 and by the writers) It has been proved by the experiments already described that most of the inorganic elements of the cell sap are present in dissociated form, and that these plant cells are able to cause the movement of ions from a solution of low concentration into one of higher concentration. As suggested in a previous article, this condition requires that energy relations be taken into account, in other words, the plant apparently must do work in absorbing ions from dilute solutions. If this is the case, it is reasonable to suppose that for autotropic plants, light, either directly or indirectly, is necessary to the processes of absorption, since light furnishes the ultimate source of energy to the plant. We have, therefore, made observations on the removal of certain ions from dilute solutions by cells of Nitella clavata kept under varying conditions of illumination. In the preliminary experiments, qualitative tests for the removal of chiorine from solution were made by comparisons of the turbidity develoPed when the chloride was precipitated by the 1 As noted in a previous paper, the observations of Wodehouse on Valon{.a in 1917 first directed the attention of the writers to the advantage of supplementing their absorption studies on higher plants by the use of individual plant cells. At that time, Dr. Nathaniel Gardner kindly suggested the possibility of N{tetla.
addition of AgNO3. These tests served to show the very marked influence of light on the absorption of chlorine but reliable quantitative measurements of this element could not be made by this method. 6 Other experiments were then carried out and entirely satisfactory results were obtained by using the Volhard method for the determination of chlorine. The general procedure was as follows:
Solutions were prepared of 0.01 ~ KH2PO4 plus 0.001 ~ or 0.0005 ~t KCI, and to definite amounts of these solutions (usually 200 or 600 cc.) were added equal weights of Nitella. The entire mass of cells used for each series of solutions was very thoroughly washed with tap, and then with distilled water. The cells were drained free of excess water and divided into equal portions, each mass of cells being quickly weighed to within approximately 0.1 gin. In most of the experiments 10 gm. of ceils were added to 200 cc. of solution.
The particular cells employed were quite small, as a rule, and prac-• tically no injured or dead ceils were present as far as could be observed. In several of the experiments, the plants had previously been kept in peat water (which had a slightly acid reaction) and were free of surface deposits. In other experiments plants from tap water were used and these showed deposits of calcium salts on the surface. (These occur in the form of bands on the larger ceils and at the tips of the very small cells.) After the cells were placed in contact with the solutions, the lipped beakers containing them were covered with watch-glasses, and those containers which were to be kept in the dark had inverted over them two-liter beakers coated with black asphalt paint. These large beakers were slightly raised at the bottom, so as to permit ready access of air. All containers were placed Qn a table in a well lighted room. There was a slight difference in temperature between the two sets of beakers in favor of those in the dark. However, this amounted to only a few tenths of a degree centigrade, and other experiments showed that this error was not responsible for the differences observed. The duration of 6 Apparently soluble material from the Nitella tissue either prevented the complete precipitation of the chloride, or the colloidal state of the suspended chloride was altered. Determinations on the basis of turbidity always indicated a lesser amount of chloride than in the standard even when use of the Volhard method showed no absorption of C1 had taken place. the period allowed for absorption was from 1 to 5 days. At the end of this period, the solutions were drained from the cells, made up to the original volumes, and analyzed by the method already indicated. In this way, determinations were made of the chlorine absorbed in full light and in the complete absence of light, and also with different exposures to light each day; i.e., 1, 3, 5, and 8 hours.
In addition, certain cells were kept in what was designated ""dim" light. This was accomplished simply by wrapping the beaker with a piece of heavy white paper. In some cases, the watch-glass placed over the beaker was coated with black paint to dim the light still more. In all the experiments which are reported, the cells appeared to be as turgid and healthy at the end of the experiment as at the beginning. In a few cases, the cells kept in darkness or under the shortest exposure to light were injured, apparently because of bacterial growth, and these experiments were discarded.
The solutions were made up with KH~PO4, in order to maintain an acid reaction, since it was found that chlorine was absorbed more readily from an acid solution than from an alkaline one. The initial reaction of these solutions was approximately pH 5.0, but after contact with the plants for several days, the reaction changed to a higher pH, usually about 5.4 or 5.6. This change of reaction occurred even when cells were used which had no visible deposits of calcium salts on their surfaces, and was presumably brought about by a selective absorption of ions.
By referring to Table I , it will be seen that only very small amounts of chlorine were removed from solution when cells were kept in the dark and that increasing the number of hours of exposure to light also increased, in general, the absorption of chlorine. There was complete general consistency in all experiments, including some not reported. In several instances, all the chlorine was removed from solution, so that no test could be obtained with silver nitrate. Of course, no quantitative comparisons can be made between different experiments, since the light varied from day to day, according to weather conditions. To overcome this variable, it is planned in future work, to use controlled artificial illumination.
Several experiments of a similar character were carried out with KBr, and KI (Table II) , and the same results were obtained as with KC1, except that the iodine was less readily absorbed than the chlorine or bromine. The question then arose as to whether it could be shown directly that penetration of ions into the cell sap was affected by the illumination. It was not found convenient to test this point with chlorine since a large concentration of this element was already present in the cell sap. Br and NO~, however, could be used for the purpose. In the first test with nitrate, the solution contained 0.01 ~ KI-I2PO4 plus 0.005 ~ KNO,. After 8 days at room temperature, averaging 20°C., very heavy tests for NO~ were found in the sap from all the cells kept in the light and only slight tests in the sap from the cells kept in the dark. Later, another experiment was made in which the beakers of solution (containing 0.01 ~ KNOa and 0.01 ~ KH,PO,) were both placed in a water bath at 28°C., one beaker being painted black and covered with a black watch-glass. Mter 3 days, samples of sap were obtained from the larger cells from both beakers, and an estimate of the nitrate made by the use of the phenoldisulfonic acid method. I06 parts per million NO~ were present in the sap from the cells kept in the light and 56 parts per million in that from the cells kept in the dark. Under the conditions of immersion in the water bath, even the unpainted beaker received only a dim light, otherwise a greater difference might have been found. These experiments were made to test for the penetration of Br. The solutions contained 0.01 ~ KH2PO4 (pH 5.0) and 0.01 ~ KBr. Two of the experiments were carried out at room temperature and the other at a temperature of 25°C., maintained approximately constant by the use of a water bath. The time of exposure was 4 or 5 days. This ion was estimated colorimetrically by the formation of a fuchsin dye which dissolves in chloroform. 7 The test is very delicate, but not adapted to give accurate quantitative data. However, the comparative values now under consideration were unquestionably significant. In each experiment, the concentration of Br in the sap obtained from cells kept in the light was approximately three times that of the sap from cells kept in the dark.
It would appear, therefore, that removal of ions from dilute solution and penetration into the cell sap are affected signific~ufly by the conditions of illumination. Other experiments .with nitrate it may be added, suggest that any considerable absorption fror solution also is accompanied by penetration of the ion into the ce] sap.
There can be only two explanations of the foregoing results; eithe: light is important as a factor because it is a source of energy, or els~ permeability is directly influenced by light. The former explanatioi seems to us to be the more probable, when we take into consideratior the relations which exist between the concentration of the cell sal~ and the culture medium. As bearing on this question, we may cite some data obtained by Dote s of this laboratory in the course of an investigation on the types of carbohydrates formed by Nitella and Elodea. In the former plant, he found only a trace of reducing sugar, even when the plants were removed from solution during the most active period of photosynthesis. It is conceivable that energy exchanges involved in absorption cannot proceed readily in the dark with the resel/ve of carbohydrate present. Irwin, a in a recent artide, states that she has been able to follow the absorption of chlorine during the growth of Nitella cells. The general conclusion which we draw from these various experiments is that absorption of ions from dilute solutions is intimatdy related to processes of growth and metabolism involving energy exchanges.
The mechanism by which energy is utilized in the absorption of ions is not clearly understood at present. In Nitella, the normal functioning of the mechanism is easily disturbed. In this general connection, it may be of interest to mention several methods by which chlorine can be made to diffuse out of the cells, other than by the effect of an unfavorable culture solution. If a stream of air is passed through the solution containing a relatively high proportion of COs, chlorine will soon appear in the outside solution. Another method is to place the cells in a non-toxic solution of calcium and potassium nitrates and pass through the solution a direct electric current of very low intensity, for example, 25 milliamperes, for a period of from ½ to 1 hour. If the cells are later subjected to normal conditions, this chlorine may be reabsorbed in the course of a few days. s Dore, W. H., (unpublished data).
Chlorine may also be caused to diff~tse out of a mass of healthy cells by lowering the temperature to 5°C. Subsequent reabsorption may occur here also after a few days at room temperature.
Effect of One Ion on Another at Low Concentration.,
Osterhout 9 has proved that certain ions penetrate more rapidly into the cell from an unbalanced solution than from a balanced one. Antagonism between cations is especially pronounced. The observations have been made on solutions of relatively high concentration and the investigator of plant nutrition is interested also in the interrelations of ions where they exist in low concentrations, such as in ordinary soil solutions. In order to gain a further insight into these latter relations we have performed various experiments on Nitella and also on higher plants, especially barley. The latter experiments are being reported elsewhere, and will be referred to here only incidentally.
Two experiments were made on Nitella with balanced and unbalanced solutions at different concentrations. In the lower concentrations, approximately to 0.03 ~r no injury was produced by immersing the cells in KNO3 solutions, even in the absence of calcium. This was shown both by the appearance of the cells and by the fact that no chlorine diffused out of them. A sharp break occurred with 0.06 ~t KNO, at which concentration the cells became definitely injured and very marked tests for chlorine were given by the solution within less than 48 hours.
The addition of 0.01 ~ Ca(NO3), completely overcame the toxic effect of KNO3 at 0.01 M concentration. It may be remarked that the exact concentration at which injury will be produced will vary with different cells. When the cells are in a very early stage of growth, they will be injured by lower concentrations in either balanced or unbalanced solutions. In these stages, the total concentration of the cell sap is probably less than that of older cells.
The next studies to be made were planned to determine, if possible, whether one ion could influence the absorption of another ion from 90sterhout, W. J. V., Injury, recovery, and death, in relation to conductivity and permeability, Philadelphia and London, t922. very dilute solutions, where toxicity was not a factor. Accordingly, observations were made on the penetration of NO~ into the cell sap (Table III) and also on its removal from solution (Table IV) , as 
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and 0.01 ~ in concentration, respectively, in three different experiments. To certain of the nitrate solutions KC1, KBr, KI, or K2SO4 was added, several different concentrations being used (see Table  III ). After the cells had been in contact with these solutions for periods which varied from 6 to 26 days, about 50 of the larger cells (from ½ to 1 inch in length) from each solution were tested for nitrate by breaking the cell and ejecting the drop of sap into a large drop of diphenylamine reagent. These tests showed very consistently that C1, Br, and I ions, even in very low concentrations had a decided effect in decreasing the rate of penetration of NO3, whereas SO4 ions had a far smaller effect. In one instance, 0.01 M K2SO4 was less effective than 0.0005 M KC1. We next decided to find out how the above mentioned ions would affect the removal of nitrate from solution, as shown by tests on the culture solutions themselves, rather than on the cells. The results of these experiments are shown in Table IV . They are entirely confirmatory of the qualitative tests made on the cell sap. Extremely small concentrations of chlorine ion were able to depress the rate of removal of NOs from solution, while SO4 has a relatively slight effect. Since PO4 ion was present in all solutions in at least 0.01 ~ concentration, evidently this ion also does not have a great influence on the absorption of nitrate. These facts do not mean, of course, that nitrate may not be removed from solution by actively growing or metabolizing cells, even in the presence of chlorine. Obviously this must be the case, and it can be shown experimentally. In some cells from solutions containing chloride, slight nitrate tests were given by the residue of the cell after breaking when the sap itself showed no test. Furthermore, NO~ is subject to reduction in the living cell and can be slowly utilized to form other nitrogenous compounds. It may, perhaps, be suggested as a possibility that nitrate penetrates into the sap only after a certain concentration of the ion, or of some intermediate compound, is attained in the protoplasm.
It was shown in a previous communication 5 that NO~ penetrated into the cell sap more readily from acid than from alkaline solutions. These observations have been confirmed, and the same relation can be demonstrated by determining the quantity of NOs removed from the culture medium (Table V) . It also appears that the reac-tion of the solution may have like influence on the removal of chlorine. Irwin 3 also suggests that such a relation exists between the absorption of anions and hydrogen ion concentration. With higher plants growing in culture solutions containing nitrate, it has been found by Theron, ~° and by one of the writers n that the equivalents of anions absorbed exceed those of cations at an acid reaction and that the opposite is true when absorption takes place from a solution of alkaline reaction. 
Nitella.
The relation of cations to the removal of anions in dilute solution will require further experimentation , but the data at present available indicate that an anion cannot be absorbed readily when associated with a slowly absorbed cation. Thus with Nitella, chlorine was found to be absorbed far more rapidly from solutions containing K or Rb as the cation than from solutions containing only Ca or Mg (Table VI) . A small proportion of Ca ion in addition to K ion prol0 Theron, J. J, Univ Calif. Pub.. Agric. Sc , 1923 (in press ). 11 Hoagland, D. R., J. Agric. Research, 1919-20, xviii, 73. duced a relatively small effect at these low concentrations. We cannot be certain at present whether the effect is significant.
In experimenting with barley plants, we have found 12 that a slowly penetrating ion has a pronounced influence in depressing the rate of absorption of an ion of opposite charge. Thus potassium is absorbed much more rapidly from the chloride than from the sulfate, when solutions of 0.005 ~ concentration are employed. Investigations on the absorption of ions by barley plants also show that a relatively high concentration of one cation may depress the rate of absorption of another cation contained in the same solution. For example, sodium may decrease the rate at which calcium or potassium is removed from solution. These effects cannot be explained by differences in the amounts of water transpired. Preliminary tests with Nitella also indicated that sodium may depress the rate of absorption of potassium in solutions of low concentration, but the results are not sufficiently Conclusive to warrant any assured statements.
One of the important factors to be considered in connection with the absorption of ions by plant cells is temperature. We have atti Hoaglhnd, D. R., Unit. Calif. Pub. Col. Agric. Techn. Papers, 1923 (in press). tempted some experiments along this llne and while it is not intended to discuss temperature effects in this article, one or two of our observations may be of interest. The penetration of nitrate into the cell sap was tested at two temperatures held only very approximately at 12.5 ° and 22.5°C. Mter 13 days, the sap of the cells in the solution at 12.5°C. showed only a trace of nitrate, while that from the cells kept at 22.5°C. contained 220 parts per million according to analysis by the phenoldisulfonic method. Other experiments were undertaken to determine the rate of removal of NO~ ions from solutions kept at 15 °, 20 °, 25 °, and 30°C. The cells were contained in tall beakers which were immersed in the temperature baths. These latter were of dimensions just sufficient to accomodate the beakers and consequently the cells were illuminated very feebly. Under these circumstances, only small amounts of nitrate were removed from the 0.001 ~ solutions and temperature effects were not very significant. In a later experiment, the illumination of the cells was increased by suspending over each beaker a 100 Watt electric light. Larger amounts of nitrate were absorbed in this experiment, and four times as much was removed at 25 ° as at 15°C. It is apparent that such studies should be made under conditions of adequate illumination and new experiments are planned with this idea in mind. DISCUSSION. On the basis of the experiments referred to in this article, simple as they are, a number of important points are opened up for discussion. It seems justifiable to conclude, first, that even at very low concentrations, one ion may influence the absorption of another ion present in the same solution. This may not be the result of any change in the general permeability of the cell, such, for example, as would be shown by conductivity measurements. In fact, these relations may exist in a solution which presumably is capable of maintaining normal permeability. It is also obvious that with a given state of permeability, the different ions of the same solution may enter the cell at different rates. The interrelations of ions in absorption from dilute solutions extend not only to ions of like charge, but also to those of opposite charge.
Osterhout has suggested that effects of antagonism may be relatively unimportant in very dilute solutions. According to this investigator,l~ antagonism is defined as follows: "When toxic substances act as antidotes to each other this action is called antagonism." Under this definition, presumably, it would not be correct to describe as cases of antagonism those effects of one ion on the absorption of another from dilute solutions, such as we have described. From the standpoint of the nutrition and general metabolism of the plant, however, these latter phenomena are also of very great interest, because they relate to the mechanism by which essential elements are removed from culture media.
It is also essential to consider why different ions are absorbed from the same solution at such different rates. It seems to be a rather generkl observation that the sulfate ion is absorbed only very slowly by plant cells. For example, after 3 weeks, Nitella cells removed all of the chlorine from a solution of 0.0005 ~ concentration, but only a very slight proportion of the sulfate which was present in equivalent amount. This cannot be explained on the ground of slow utilization of the ion in the ordinary sense of the term, since chlorine ion is absorbed very readily, and yet it exists in the cell mainly, if not entirely, in uncombined state. The relative effects of chlorine and sulfate on the absorption of nitrate do not correspond to valence relations or to any simple chemical or physical properties of these ions. It might be suggested as an hypothesis that sulfate ions do not penetrate readily to those protoplasmic surfaces at which the chlorine exerts its influence on the absorption of nitrate, perhaps in connection with certain intermediate chemical compounds involved in the process of absorption. The relative rates Of penetration of SO4 and C1 into gels have not been found by Stiles 14 to show the same relations as in living cells. Loeb is shows that the influence of salts on the rate of diffusion of acids through collodion membranes is not the same as with membranes of living cells. In other words, in all these cases, the nature of the membrane as well as that of the ions, must be taken into account.
13 Osterhout, W. J. V,, Science, 1916, xliv, 318. 14 Stiles, W., Biochem. J., 1921 , xv, 629. is Loeb, J., y. Gen. Physiol., 1922 It is not dear, as yet, to what extent the recent discoveries of Loeb with regard to ion protein relations will serve to explain the effect of hydrogen ion concentration on ion absorption. There is undoubtedly such an effect as our experiments have shown and as has been suggested by Irwin. 8 It does not always happen, however, than an anion is absorbed more readily than the cation from an acid solution. For example, potassium may be absorbed by barley plants more readily than sulfate, even at pH 5.0 to 3.2. It is not to be expected, however, that any simple explanation will suffice. As Osterhout 9 has pointed out, the cell undoubtedly forms a dynamic system in which "life is dependent upon a series of reactions which normally proceed at rates bearing a definite relation to each other."
Raber 16 has recently attempted to explain by one general theory the various types of antagonisms met with in studies on Laminaria. It would appear from the considerations advanced in the present paper, that an explanation of this type would not extend to the absorption of ions from very dilute solutions.
The goal of the present day plant physiologist is to explain the growth of plants in terms of the same laws as those used by the chemist and physicist. In a recent book, Lewis and Randall t7 express an opinion to the effect that truly quantitative understanding of chemical reactions can be attained only by the application of thermodynamic principles. It cannot be expected, therefore, that any completely quantitative view of the physiological processes of plants will be available until the free energy relations of the system are worked out, and this statement seems to apply to the absorption of ions, as well as to other processes. SUMMARY. 1. The conditions of illumination were found to exert a very significant influence on absorption of ions from dilute solution by Nitella. These conditions were also found to influence the penetration of Br and NO3 into the cell sap.
t6 Raber, 0., Bot. Gaz., 1923, lxxv, 298. 17 Lewis, G. N., and Randall, M., Thermodynamics and the free energy of chemical substances, New York, 1923. 2. It is concluded that absorption of ions by plants from dilute solutions involves energy exchanges, with light as the ultimate source of the energy. It is suggested that the absorption is intimately related to growth and metabolism.
3. One ion may affect the removal from solution or penetration into the cell sap of another ion present in the same solution, even in solutions of extremely low concentration. It is probable that all three types of relations may exist--anion to anion, cation to cation, and anion to cation.
4. The sulfate and phosphate ions exerted far less influence on the absorption of nitrate than did chlorine and bromine ions. It is suggested as a possibility that sulfate does not penetrate readily to those surfaces at which chlorine, bromine, nitrate, and other ions may become effective.
